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ABSTRACT

This report presents the experimental and analytical data obtained from research
conducted under the Arcjet Technology Development Program for the period

from 1 September to 30 November 1964.
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I. INTRODUCTION

A. PROGRAM OBJECTIVES

The objective of this program, entitled ArcJet Technology Research and Develop-
ment, conducted under Contract NAS 3-5900, is to perform necessary research
and development to (1) establish the upper specific impulse limit for reliable

long duration operation of the radiation cooled 30-KW arcjet thrustor developed
under earlier programs, (2) explore increases in specific impulse and efficiency
which appear to be associated with operation at lower propellant mass flow rates
with and without external magnetic fields, and (3) characterize the performance
of the arcjet engine operated in a pulsed mode.

B. PROGRAM ORGANIZATION

This program originates from the Electric Propulsion Office of the NASA Lewis
Research Center. Mr. Henry Hunczak is Project Manager for the Electric
Propulsion Office. Dr. R. R. John is Project Director at Avco RAD, and Dr.
S. Bennett is Associate Project Director. Mr. J. ¥. Connors is Project Engi-
neer. Principal Avco RAD participants and the areas in which they contribute
are: Drs. A. Tuchman, and M. Clark, Thrustor Diagnostics and Performance
Analysis; J. Connors, Thrustor Life Tests; G. Enos and C. Simard, Thrustor
Performance Testing.

C. PROGRAM SCHEDULING

This is the second quarterly progress report submitted under Contract NAS
3-5900; it covers the period from 1 September to 30 November 1964. Data on
contract costs and manpower expenditures have been submitted previously in the
monthly progress reports dated 10 October 1964 (4), 10 November 1964 (5), and
10 December 1964 (6). '

D. TECHNICAL SUMMARY

During the second quarter, primary attention, both experimental and analytical,
was directed toward item (2) listed among the program objectives. In particular,
propulsion performance data was obtained with hydrogen and ammonia as pro-
pellants over a wide range of propellant flow rates, arc currents, arc powers,
and applied magnetic field strengths. Overall efficiency values (at input power
levels of 20 to 160 kw) for hydrogen were 25 percent at 3000 seconds, 30 percent
at 4000 seconds, and 40 percent at 5000 seconds; for ammonia, (at input power
levels of 20 to 80 kw) 30 percent at 3000 seconds, 35 percent at 3500 seconds.
Data were also obtained with helium, argon, and nitrogen as propellants. An
effort has been made to separate the contributions to the experimentally measured
thrusts from the different thrust producing mechanisms. In this way an estimate
has been made of the Hall component of thrust, Ty,j, which has been found to be

-1-



a linear function of the product of the applied magnetic field strength, B, and
the arc current,l.

In the portion of the program dealing with the 30-kw radiation cooled engine, an
unsatisfactory braze was obtained with the 75 percent W-25 percent Re engine,
and the long duration test has consequently been rescheduled.




. MPD ARCJET ENGINE

A, INTRODUCTION

While arcjet engines and Hall accelerators have been under development at a
number of laboratoriesls 2,3 over thepast five years, only within the past year
has the specific impulse level of 2, 500 seconds been exceeded. The acceleration
mechanisms which produce the greatly increased specific impulse levels now
attainable appear to be a combination of aerodynamic, self-magnetic, and applied
magnetic field effects. These mechanisms, in different proportions, are now
being used in the different laboratories to achieve specific impulse values from
2,500 to 10, 000 seconds, with major effort concentrated in the 3, 000 to 5, 000
second range. A basic geometry, illustrated in figure 1, characterizes virtually
all of the improved accelerators. The units are cylindrically symmetrical, con-
sisting of a central cathode surrounded by a coaxial ancde. A magnetic coil is
mounted coaxially with the thrustor, with the thrustor exit plane generally slightly
downstream of the downstream edge of the coil.

Reference 4 discusses in some detail five basic thrust-producing mechanisms
which have been identified in the literature as being characteristic of plasma
generators of the type illustrated in figure 1. These are (1) aerodynamic pres-
sure forces; (2) magnetic pumping; (3) magnetic blowing; (4) aerodynamic swirl
induced by MPD forces; and, (5) Hall current acceleration.

Defining the thrust resulting from mechanism (1) as T,¢0and the thrust from
mechanisms (2) and (3) as Tgejf it is shown in reference 4 that

Taero ~ Pc A (1)
and
Tself = Tpump *+ Thlow (2)
where
-6 12
Tpump = 5.1 x10 I (3)
and
ra
Tplow = 102 x 1075 12[1/4 + — (4)
\ e/

when the current enters the cathode uniformly after leaving the anode as a ring,
or

ra
Tplow = 1.02 x 1077 12 én ——) (5)

fe
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when the current distribution at the cathode is similar to the distribution at the
anode.

In equations (1) through (5),

T,ero = aerodynamic thrust component, grams

Pc = chamber pressure, grams-force/cm?

A¢ = throat area, cm?2

Tgelf = Self MPD thrust, grams

Toump = magnetic pumping thrust, grams

Thlow = magnetic blowing thrust, grams

I = arc current, amperes

I, = outer radius of current distribution at anode, cm

r = outer radius of current distribution at cathode, cm.

c

Tpumpresults from the interaction of the axial discharge current density, j,, with
the self-induced magnetic field, Bg. Ty, results from the interaction of the
radial discharge current, jy, with the self-induced magnetic field, B§. Both
Tpumpand Tpowvere identified by Maecker. 5

The magnetic swirl mechanism, (4), is associated with the bulk rotation of the
gas and results from the interaction of the radial component of the current, j.,
with an axial component of the applied magnetic field, B,, and from the inter-
action of j, with B,. In order to produce useful thrust, the rotational energy
must be converted into axially directed kinetic energy by means of a nozzle.
This basic thrust mechanism has been described by, among others, Hess, 6
Ellis, 8 and Powers and Patrick. 9

Finally, the fifth thrust mechanism results from the interaction of an induced
azimuthal Hall current, j, , with the applied magnetic field. The most likely
thrust-producing interaction is the body force given by jgB,, but it is also pos-
sible to achieve thrust from the pressure produced by igB,. These mechanisms
have been investigated by Hess, 7 Seikel and Reshotko, 10 Cann, 11,12 patrick
and Powers, 13 and Gourdine. 14

Reference 4 reports work performed at this laboratory with a plasma accelerator
making use of mechanisms (1), (2), and (3). During this second quarter, mech-
anism (5) has been explored, and the results are presented in the following
paragraphs.



MPD ARCJET DEVELOPMENT

1. Engine Configuration

The basic engine design used for the experimental investigations is the same
as that reported in reference 4, which also presents photographs. The MPD
arcjet schematic (X-2C) is given as figure 2. The central cathode consists
of a thoriated tungsten tip soldered to a water-cooled copper holder. Sepa-
rate coolant flows are maintained for the anode and the cathode, Propellant
is injected tangentially through four ports aligned normally to the engine
axis. Chamber pressure is monitored with a tap indicated in figure 2.

2, Test Systems

a. Environmental Tank

The X-2C MPD arcjet is tested in a 4-foot diameter aluminum environ-
mental tank which is water cooled to allow for prolonged operation.

The tank is 6-feet long and has two viewing ports on each side. The
amount of magnetic material (such as steel fittings, hinges, etc.) within
and in the immediate vicinity of the tank has been reduced to an absolute
minimum. The thrust stand and its associated components are of either
aluminum or nonmagnetic stainless steel. Only a portion of the heat
exchanger, 6 feet from the engine, is of magnetic material producing

a small tare in the thrust measurement,

A 6,000 CFM capacity mechanical pumping system is used as the pri-
mary system to evacuate the test tank., An auxilliary 34, 000 CFM
capacity pumping system may be used in parallel with this system. The
primary system alone presently maintains the ambient tank pressure
below a pressure level of 0. 5 mm Hg for all mass-flow conditions.
Until very recently, no major effort had been expended in order to re-
duce the back pressure below this level, since no extreme changes in
engine performance have been noted for variations in back pressure
above and below this level, Efforts have now been completed to reduce
the back pressure to a level of 50~150 microns during engine operation,
with a blankoff pressure of five microns. Another complete set of data
points will now be obtained to determine which changes, if any, are due
specifically to the reduction of ambient pressure., Several operating
points have been checked so far, revealing no change with pressure level.
The planned operation of one or more X-2 engines at the NASA LRC,

in conjunction with the data gathered here at the 50-150-micron level,
could yield a useful estimate of the engine characteristics in a hard
vacuum.




13004V ISTNWI HOIH 7 @inByy

2806-v9
/cz_z HINIVLI3Y 3ITZZON

H3GIAI0 HILYM

ONISNOH
Y30vdS 3CIHLIN NOHOS

dVl 3I¥NSS3IHd HIBWVHD

N

_A,Mx.zu Q3ddil N31SONNL

SSWZZL__> e

371Z20N
¥3dd0D t

T

/\M < \\\.\\.Nu

/IPDO HILVM

/ 301n9 3QOHLVD

| i

_
,.z_ sv9
Nz

I HILvM

HOLVINSNI N
1N0 ¥3Ilvm




b. Magnetic Field Coil

A magnetic field coil is wound around the body of the engine with its
axis coincident with the axis of the engine. The coil has an inner diam-
eter of 7 inches, an outer diameter of 17 inches, and is 1-3/4 inches
long. It consists of 40 turns of 3/8-inch OD copper tubing and is water
cooled. The center of the coil is adjusted to coincide with the cathode
tip. The maximum axial magnetic field strength at the center of the
coil is limited to about 3 kilogauss at a current of 1800 amperes by the
heat generated in the coil. The magnetic field strength is linearly
dependent upon the current,

Figure 3 shows a mapping of the magnetic field. Each arrow represents
a measured value of magnetic field strength, Its length is proportional
to the field strength, and its direction is along the field at the point.

The measured values have been used as guides to sketch in the field
lines - shown as dashes in figure 3. The coil has been run at currents
from 300 to 1, 200 amperes, corresponding to an axial magnetic field
strength in the range 0.5 to 2. 0 kilogauss.

¢c. Instrumentation

The various test and measurement equipments which are used to deter-
mine the performance characteristics of the X-2 engine are: 1) the
thrust stand, 2) temperature measuring thermocouples, 3) current,
voltage and mass flow meters, and 4) pressure gages. These are
more fully described below.

1) Thrust stand

The engine is suspended from a thrust stand which measures thrust
force directly. The thrust-stand displacement is sensed by a
linear differential transformer whose output is recorded on a
Sanborn type 1500 recorder. Calibration of the thrust stand in
units of force is accomplished by standard pulley and weight tech-
niques. The calibration is performed statically with the engine off,
as well as during engine operation and at all operating values of
magnet coil current. The thrust level is generally recorded using
a sensitivity of approximately 9 gm/mm on the recorder chart for
thrusts in the range from 90-200 gm, and with a correspondingly
greater sensitivity for lower thrust levels.

2) Thermocouples

In order to accurately determine the thermal efficiency of the X-2
engines, the power dissipated in heating of the anode and cathode
are measured by a standard calorimetric method. The temperature

-8-
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rise of cooling water in the anode and cathode is measured by dif-
ferential Iron-Constantan thermocouples and recorded, individually,
on a Sanborn recorder. The temperature difference between water
inlet and outlet is converted to heat power from a knowledge of the
rate.of-water flow through the electrodes.

3} Current, voltage, and mass flow

Both arc current and coil current are measured using precision
50-mv shunt resistors and precision dc milliveltmeters. The arc
voltage is measured with a precision dc voltmeter. The arc cur-
rent and arc voltage are also measured and recorded on the Sanborn
recorder to allow direct comparison with thrust and anode-cathode
power at any time. As an extra precaution, the meter readings

are hand recorded as well,

The propellant mass flow is measured with Fisher-Porter rotameter
type flowmeters. Coolant flow rates are measured using standard

liquid flowmeters.

4) Pressure gages

Both engine chamber pressure and ambient tank pressure are
measured with precision Wallace and Tiernan vacuum gages. The
chamber pressure is measured with a 0-50-mm Hg gage in parallel
with a 0-800-mm Hg gage for use at high mass flows. The vent
pressure gage has a range from 0-20 mm Hg. Tank pressures
below about 1 mm Hg are measured with a Stokes' McLeod gage

or an NRC alphatron gage.

3. Voltage - Current Characteristics

An investigation has been made of the voltage - current characteristics of
the X-2C MPD arcjet operated in hydrogen and in ammonia. The variables
were arc current, applied magnetic field strength, and propellant flow rate.
For all of these tests the ambient tank pressure was in the range 200 to 500
microns, Power was supplied to the engine from a silicon diode rectifier
with a 300-kw capability.

Figure 4 shows, for hydrogen mass flow rates of 0.02 and 0. 05 gm/sec, the
measured X-2C voltage as a function of arc current. The magnetic field
strength is 1000 or 2000 gauss. (The magnetic field is characterized for
discussion by the maximum value of the axial component, which is found at
the cathode tip). In the current range shown, the voltage-current slopes
are near zero. There is some experimental evidence that at lower current
values the slopes are negative, At a given current in the range 500-1, 600
amperes the voltage level increases with magnetic field strength and mass

flow rate.
-10-
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Figure 5 is a plot of the voltage-current characteristics for ammonia at
mass flow rates of 0.029 and 0. 058 gm/sec, again for magnetic field
strengths of 1,000 and 2,000 gauss, Compared with the data for hydrogen,
the ammonia voltages are significantly lower; however, they show the same
general lack of sensitivity of the voltage to current level, and the same ten-
dency for voltage to increase with magnetic field and mass flow rate at a
given current,

For all of the hydrogen data summarized in figure 4, the voltage spread is
approximately 80 %20 volts. For the ammonia data of figure 5 the spread
is in the range 46 +8 volts, so that not only is the voltage generally lower
in ammonia, but the sensitivity of the voltage to variation of mass flow rate
and magnetic field is also lower.

In figure 6 voltage is plotted against magnetic field strength for both hydrogen
and ammonia. Data are combined for different mass flow rates and currents,
contributing to the scatter in the figure. There appears, however, to be a
tendency with both propellants for the voltage to rise with magnetic field
strength at a rate sufficient to be apparent even with the experimental
scatter.

The data of figure 6 can be fit by relations of the form
V = V,+kB (6)

where V, and k are unknown constants. Vis the measured voltage and B the
applied magnetic field strength.

Patrick and Schneiderman, 15 have proposed a theoretical justification for a
relation of this form. Paraphrasing the discussion of reference 15, it is
suggested that the voltage for the device is established in that geometrical
region where the initial ionization occurs. By equating the ratio E/B in
this region to the critical velocity for the propellant, u. , the relation

V = Vg, +u, BQ (7)

is obtained, where u. is the critical velocity (that velocity for a molecule

at which the kinetic energy, 1/2 mv2, is equal to the energy required to
dissociate the molecule and ionize the constituent atoms to the first level),
and X is an unknown length related to some geometrical feature of the plasma
generator. Data obtained with hydrogen, argon, and nitrogen were corre-
lated with this formula in reference 15, with V, selected for each propellant,
but with a constant value of X, the length. In the plasma generator of
Patrick and Schneiderman, this length was taken as one centimeter, which

is characteristic of the radial separation of the discharge region of attach-
ment at the anode from the cathode tip.

-12-
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The critical velocity, u., is 5.6 x 104 m/sec for hydrogen and 2. 6 x104
m/sec for ammonia. Selection of V, = 40 volts for hydrogen, to agree with
reference 15, led to a choice ofﬂ = 5 mm to fit the hydrogen data; the line
drawn through the hydrogen data in figure 6 corresponds to this choice for
Keeping { fixed at 5 mm, the slope for the ammonia data is fixed, and the
best-fit line of this slope is drawn on figure 6.

Inspection of the fit obtainable in this way, especially for the ammonia data,
indicates that agreement with the first order theory is less satisfactory for
these data than for those of reference 15; however, the theory does predict
a lower slope for ammonia, which is observed, and, further, it is plausible
that the value ofﬂ applicable to the X-2C MPD arcjet should be smaller than
that reported in reference 15, since the geometry employed there is more
open, while the X-2C MPD arcjet geometry employs a throat downstream

of the cathode. Hence, it is quite possible that the theory is an acceptable
first-order characterization of variation of voltage with magnetic field in
axisymmetric MPD arcjet devices.

4. Thermal Efficiency

In this section, data are presented which determine the ''thermal' efficiency
of the X-2C MPD arcjet. By thermal or arc efficiency is meant the quantity

Power to gas
_owerto gas (8)

€
arc Power to arc

where the power input is taken as the product of applied voltage and arc
current without correction for the incoming gas enthalpy. For the enthalpy
levels associated with the X-2C MPD arcjet this correction isnegligible.
(Actually, much of the power input to the engine is in the form of directed
kinetic energy without passing through a thermal stage, but the term ''thermal
efficiency" is taken over from the usual arc heater terminology). The heater
efficiency is determined by measuring the power lost to the anode and cathode
water cooling circuits, according to equation 9

P

my Cp w ATy

N . (9)

arc
Pin VI

cool

where mg, C,, i, and ATgare the mass flow rate, specific heat, and
temperature rise, respectively, of the coolant water.

In practice, the cathode heat loss is small under all conditions of X-2C
MPD arcjet operation, varying between approximately 0.5 and 2 kilowatts
as a function of current and mass flow rate. The anode heat loss, on the
other hand, is in general,substantial,

-15-



In figure 7 P,y in kilowatts is plotted as a function of current for a number
of test runs of the X-2C MPD arcjet. The tests were made in hydrogen at
mass flow rates of 0.02 and 0.05 gm/sec, and with applied magnetic field
strengths varying from 500 to 2, 000 gauss. Data points corresponding to
the mass flow rate of 0.02 gm/sec are indicated by open circles, while
those for the 0.05 gm/sec flow rate are represented by crosses. In addition
to these points are plotted several reported by Cannl6 and by Ducatil?; the
data of reference 16 were obtained at a hydrogen flow rate of 0.02 gm/sec,
while those of reference 17 correspond to a hydrogen flow rate of 0.025
gm/sec.

Several features are clear from inspection of figure 7. First, the correla-
tion of P_,, with current is fairly good; the data points corresponding to
different mass flow rates and to different magnetic field strengths exhibit
relatively little scatter. Second, the data reported by Cannlbandby Ducatil?
also correlate reasonably well with those measured at this laboratory, al-
though there are differences in the MPD arcjet geometry and magnetic field
configuration among the devices employed at the three laboratories, Finally,
these data can be represented reasonably well over most of the current range
by a straight line of slope equal to unity, which is consistent with a constant
voltage drop at the electrodes representing most of the heating. At the
highest currents Pcgl tends to fall away from this line, but within about

30 percent the data for currents ranging from 100 to 3000 amperes can be
accounted for by a constant voltage drop of about 26 volts. In contrast, the
sensitivity of the anode and cathode heat transfer to mass flow rate seems
very slight,

The line drawn on figure 7 is simply a smooth curve fitted by inspection to
the data. This same smooth curve is repeated on figure 8, where P.ool

is plotted as a function of current for X-2C operation with ammonia as the
propellant, The ammonia mass flow rates represented in figure 8 are 0.029
and 0.058 gm/sec compared with the hydrogen flow rates of 0.02 and 0.05
gm/sec of figure 7. The magnetic field variation for the data of figure 8
isagain 500 to 2000 gauss. Inspection of figure 8 reveals that the data are
fitted remarkably well by the line drawn to represent the hydrogen data

of figure 7; therefore, the major features of the electrode heating in hydrogen
operation are applicable also to operation in ammonia. Again, sensitivity to
mass flow rate of propellant is slight for the two mass flowrates plotted in
figure 8.

The success in fitting heat transfer data for both hydrogen and ammonia
with a single curve motivates examination of data which have been obtained
in other gases as well. Figures 9, 10, and 11 are curves analogous to
figures 7 and 8, and are drawn for helium, nitrogen, and argon. In each
case the smooth curve is the one which was fitted to the hydrogen data of
figure 7,

-16~
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In figure 9, data are presented for helium mass flows of 0,014 and 0, 058
gm/sec; only a single magnetic field strength of 500 gauss was employed.
The scatter of these few data points is more severe, and it is not at all
certain that the quantitative trend of P.,,; with current is precisely the
same as for hydrogen; further there appears to be a systematic but small
dependence upon mass flow rate, Still, the hydrogen curve fits the data
tolerably within the accuracy with which the helium trend can be estimated.

Figure 10, for nitrogen, can be commented upon in much the same way.
There is some apparent dependence upon mass flow rate between flow rates
of 0.018 and 0.055 gm/sec, but very little difference between 0. 055 and
0.09 gm/sec. For the few data points which are available, the hydrogen
curve provides a tolerable fit,

Finally, argon also seems to fit this general heat transfer characteristic,
as indicated by figure ll. For argon there is little systematic dependence
of heat transfer on mass flow rate between 0, 044 and 0. 088 gm/sec, but
there is some effect apparently between these flow rates and 0,221 gm/sec.
The hydrogen curve is again a tolerable fit.

Several conclusions may be tentatively reached on the basis of the data of
figures 7 through 11. These are:

a. Electrode heat transfer rates are most sensitive to current among
the parameters which have been varied.

b. Electrode heat transfer is much less sensitive to accelerator con-
figuration (e. g., the agreement between values obtained at this labora-~
tory and those of references 16 and 17), magnetic field strength, pro-
pellant mass flow rate and propellant type, Further, since different
propellants have widely varying characteristic voltages (see, for example,
figure 6), operation at a given current in two different propellants implies
operation at different input power levels; therefore, electrode heat trans-
fer is sensitive neither to mass flow rate nor to input power, and so it

is insensitive, over the ranges plotted, to enthalpy.

c. The electrode heat transfer can be represented fairly well by a
constant electrode voltage drop of approximately 26 volts.

d. On the basis of conclusions a through ¢, it would appear that con-
vection is not a dominant process in transferring heat to the electrodes.
Rather, some effect involving plasma sheaths and the electrode fall
zones seems to be much more important,

With this understanding of the absolute magnitude of the electrode power
losses in the X-2C MPD arcjet, the thermal efficiency data are readily
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explained. Figure 12 shows, for hydrogen, thermal efficiency as a function
of applied magnetic field strength. Mass flows of 0. 02 and 0.05 gm/sec were
used, with arc currents of 500, 600, 1,000, and 1, 600 amperes. The solid
symbols represent data obtained for the higher mass flow, and the dashed
curves are drawn through these symbols. In general, based on figure 12,
the thermal efficiency increases with current and magnetic field strength
for the higher mass flow rate, and shows very little systematic variation
with either current or magnetic field strength at the lower mass flow rate.
In the range of parameters where the best propulsion performance has been
obtained (high current, high magnetic field strength) the thermal efficiency
varies between 65 and 75 percent., Referring to figure 4, it can be seen that
the arc voltage shows only a slight dependence on current and on magnetic
field strength at the 0.02 gm/sec mass flow rate, while it increases with
magnetic field strength at the 0.05 gm/sec mass flow rate. Since the cool-
ing power losses are essentially fixed by the arc current according to figure
7, the thermal efficiency is determined essentially by the arc voltage.

Figure 13 is drawn for ammonia and again plots thermal efficiency versus
applied magnetic field strength for mass flow rates of 0.029 and 0. 058
gm/sec and arc currents of 600, 1000, and 1400 amperes, There is some
apparent tendency for the thermal efficiency to rise with current and mag-
netic field strength, and, at the higher currents, with mass flow rate. At
the higher values of current and magnetic field strength, thermal efficiencies
in the range 35 to 50 percent characterize the data.

Thus, the thermal efficiencies for ammonia are, under similar conditions,
on the order of two-thirds of the thermal efficiencies in hydrogen. Referring
again to figure 6, the same statement can be used to describe the operating
voltage. The implications for overall propulsive efficiency are examined

in a later section,

5. X-2C Thrust Characteristics

The variation of X-2C MPD arcjet thrust with current in the presence of a
relatively small external magnetic field was investigated during the first
quarter of this program, and was reported in detail in reference 4. Figure
14, taken from reference 4, shows the overall variation of thrust with cur-
rent; also indicated in this figure is the behavior of Tzero with arc current,
The difference between the total thrust and T, is assigned to the self-
induced MPD thrust mechanisms of equations 2 through 5.

Figure 15 shows the variation of Tgelf» defined as

Tsetf = TTotal ~ Taero (10)

with current. Also shown on figure 15 are two theoretical predictions of
Tself,” based upon two assumptions of the cathode current density distribution.
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It can be seen from figure 15 that the theoretical predictions are in fairly
good agreement with the measurements, but that they tend to be systemati-
cally low. It is now thought probable that the difference between the pre-
dictions and the measurements may be due to the Hall thrust mechanisms
which were neglected in reference 4. Again it is pointed out that the self-
induced MPD thrust comes from interactions between the applied current
density and the self magnetic field, By. When the applied magnetic fields
B, and B, can produce circulating currents, jg, which are comparable in
effect to the applied currents, then it is no longer even approximately cor-
rect to ignore the applied magnetic field.

Figure 16 is a plot of measured X-2C thrust as a function of arc current
for a fixed strong field (the applied magnetic field is approximately 2, 000
gauss, axial, maximum), and hydrogen mass flow rate (0.03 gm/sec). As
the arc current is varied from 600 to 1600 amperes the thrust rises from
80 to 260 grams. Over this same current, range T,.,varies from 32 to 40
grams, If one uses equations 2, 3, and 4, for Tg.; and the values reported
in reference 4 for ro, a curve to represent Tgelf can be calculated and
drawn. This is indicated in figure 16. However, the sum of Taeroand TSelf
varies only between 40 and 95 grams over the current range 600 to 1, 600
amperes, leaving the larger portion of the thrust unaccounted for. This
excess of the thrust, the difference between the total measured thrust and
the thrust which can be accounted for by the sum of Tgero and Tg,f,is now
assigned tentatively to Hall current acceleration.

It is not clear on a priori grounds what the dependence of Hall current thrust
should be on an applied current and magnetic field, although it is anticipated
that both parameters should be important in determining the magnitude of
thrust. If the Hall current magnitude were proportional to (@7)e and hence

to B, it would be expected that the thrust would vary roughly as I B2; I and
one power of B establish the Hall current magnitude, while another power

of B is involved in determining the j x B force resulting. However, this
assumes that the volume of interaction is independent of B (the thrust is a
volume integral ofo B) and this need not be so.

Hessl8 offers experimental evidence that in the range of currents, mass
flow rates, and magnetic fields applicable to these experiments, the Hall
current magnitude is relatively insensitive to B. If this were the case for
the X-2C engine operation, the Hall thrust would become a linear function
of I x B, assuming again that the volume over which the interaction takes
place is not B-dependent.

In figure 17 the Hall thrust, defined as

THall = TTotal — Taero — TSelf (11)
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is plotted versus the product IB, where I is the total arc current and B is

the axial field strength at the cathode tip. I varies from 600 to 1600 amperes
and B from 1 to 2 kilogauss. Data for hydrogen mass flow rates of 0.02

and 0.03 gm/sec are included on the same figure. Although there is ex-
perimental scatter, the correlation is fairly good. Tyall goes to zero for
null values of the product IB and reaches approximately 160 grams at the
peak IB value.

Figures 18 and 19 are drawn for X-2C operation with ammonia. In figure
18 overall thrust is plotted against arc current for applied magnetic field
strength of approximately 2,000 gauss, axial, at the cathode tip. The am-
monia mass flow rate is 0. 029 gm/sec, and the arc current varies from
600 to 1, 600 amperes. As in the case of figure 16 for the hydrogen data,
the aerodynamic and self-MPD thrusts have been estimated and plotted on
figure 18. The difference between the total measured thrust and that which
can be accounted for by aerodynamic and self magnetic mechanisms alone
is assigned, tentatively, to the Hall effect.

In figure 19 the Hall thrust deduced in this way, Ty, is plotted against the
product of arc current and peak applied axial magnetic field strength. The
correlation of Ty, with IB is less satisfactory for ammonia (figure 19) than
for hydrogen (figure 17). Perhaps more important, the magnitude of Ty,
is smaller in ammonia than in hydrogen at each value of IB; at the higher
values of IB by a factor of 3 to 4. Hence, it appears that the applied mag-
netic field plays a smaller role in acceleration of ammonia than in accelera-
tion of hydrogen. It has indeed already been noted that the arc voltage in
ammonia is less sensitive to magnetic field than the arc voltage in hydrogen.

6. X-2C Efficiency

The overall propulsive efficiency is defined as the ratio of thrust power to
input power:

-3 .2 48 x1073 T1
4.8 x 10 T sp (12)

° h P, Pin
where ¢, is the overall propulsive efficiency expressed in percent, T is the
total thrust in grams, @ the propellant mass flow rate in gm/sec, and Isp
the specific impulse in seconds. Py, , the input power, is taken as 10-31V,
in kilowatts,

Figures 20 and 21 show, for hydro the overall efficiency

SaLW, 1025 Il 24 $ 83 Inm A cilic
b 24 F 4 il

as a function of specific impulse,
Each figure includes data taken over a wide range of conditions; in figure

20, for hydrogen, the arc current varies approximately by a factor of 5 be-
tween 300 and 1, 600 amperes, the applied magnetic field by a factor of
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nearly 3 between 0. 75 and 2 kilogauss, the propellant mass flow rate by a
factor of 2.5 between 0.02 and 0,05 gm/sec, and the arc voltage by a factor
of 2 between 55 and 105 volts. In figure 21, for ammonia, the variation is
between 600 and 1, 400 amperes in arc current, 0.75 and 2 kilogauss in ap-
plied magnetic field, 0.029 and 0.058 gm/sec in ammonia flow rate,

and 35 and 55 volts in arc voltage.

Still, for each propellant, all the data on overall efficiency versus specific
impulse fit very closely to a single curve. Within the range of parameters
tested, the overall efficiency is then essentially a function only of ISp , and
not independently of field strength, power input, current, or propellant flow
rate. To emphasize the independence of efficiency, at a given impulse, to
input power level, the data of figures 20 and 21 have been coded so that
different symbols apply to the different power ranges 20 to 40 kw, 40 to
80 kw, and 80 to 160 kw. Inspection of the figures indicates that the curves
drawn to represent each power level are, within the experimental scatter,
the same curves. It can be concluded, tentatively, that it should therefore
be possible to achieve comparable efficiency-specific impulse curves at
lower power levels than those which have been employed.

Figure 22 is drawn for comparison of hydrogen and ammonia in terms of
overall propulsive efficiency. In each case the smooth curve is drawn to

fit the data of figures 20 or 21, and the experimental scatter is indicated

by the bars drawn on the ammonia curve. The indications of figure 22 are
that the overall propulsive efficiency of the X-2C engine is somewhat higher
in ammonia than in hydrogen by approximately 5 to 10 absolute points. That
is, at a specific impulse of 4, 000 seconds the efficiency with hydrogen is
almost exactly 30 percent, while for ammonia the range 35 to 40 percent is
indicated.

A partial explanation of this behavior can be sought by examining the overall
efficiency in more detail. The overall efficiency can be written as a product
of 3 subefficiencies; ¢, , the heater efficiency;¢ , the frozen flow efficiency;
and ¢ the expansion efficiency:

exp?

Power to gas
€ =
arc Power input

Power available for thrust
E =
f Power to gas
Thrust power

exp Power available for thrust
€ = farc X ¢ X fexp
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€ and ¢;c are measured; ¢ and € must be estimated. Estimation of
the frozen flow efficiency is difficult, since the enthalpy level at which
freezing occurs is unknown. A considerable portion of the input energy is
inserted directly in the kinetic form, so that the static enthalpy need not be
excessively high. Estimation of the expansion efficiency is equally difficult,
since the factors which contribute to this efficiency (velocity profile loss,
angular spread, failure to convert random to directed motion, etc.) are
closely tied to the acceleration mechanisms, which are themselves not
understood in detail. However, two simplifying assumptions may be made
which permit comparison of the hydrogen and ammonia efficiency data.
These assumptions are crude, but satisfactory for the present stage of
understanding of MPD arcjet behavior. The first assumption is

fexp, H, = fexp, NH; for 1000 sec < Isp < 5000 sec

That is, the fraction of input power which is lost in velocity profiles, etc.,
is the same for hydrogen and ammonia at any given specific impulse in the
range 1,000 to 5,000 seconds. This range of specific impulse is the range
where overlapping data in hydrogen and ammonia are available.

The second assumption involves the frozen flow efficiency. Here it is as-
sumed that the percentage of dissociation and ionization for hydrogen and
ammonia are the same at a given specific impulse; e.g., if hydrogen is 10
percent ionized at 2, 000 seconds, then ammonia is also 10 percent ionized

at this specific impulse. Then, approximately, the ratio ¢, Hz/‘f » NH3 at

a given I, is the same as the ratio which would hold for full ionization even
though it is not at all necessary that ¢ H, OF ¢ NH; represent full ionization,

With these assumptions, the overall efficiency ratio for ammonia and hydro-
gen can be written

fo,NH3 ‘mc,NHS ff,NH3

o, H, €arc, H, €f, H,

Table I evaluates this ratio and compares it with that experimentally
obtained. Data on ¢ are taken from figure 23, which assumes full dissocia-
tion and lst ionization of all atoms.

Agreement between the overall efficiency ratios calculated in this fashion
and those measured is fairly good, except at the lowest specific impulse
value, 2,000 seconds. At the lower values of Isp the calculation of € is
expected to be particularly crude, so that this result is not surprising.
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€& and ¢ are measured;  and €ox must be estimated. Estimation of
the frozen flow efficiency is difficult, since the enthalpy level at which
freezing occurs is unknown. A considerable portion of the input energy is
inserted directly in the kinetic form, so that the static enthalpy need not be
excessively high. Estimation of the expansion efficiency is equally difficult,
since the factors which contribute to this efficiency (velocity profile loss,
angular spread, failure to convert random to directed motion, etc.) are
closely tied to the acceleration mechanisms, which are themselves not
understood in detail. However, two simplifying assumptions may be made
which permit comparison of the hydrogen and ammonia efficiency data.
These assumptions are crude, but satisfactory for the present stage of
understanding of MPD arcjet behavior. The first assumption is

€exp, HZ =~ Cexp, NH3 for 1000 sec < ISP < 5000 sec
That is, the fraction of input power which is lost in velocity profiles, etc.,
is the same for hydrogen and ammonia at any given specific impulse in the
range 1,000 to 5,000 seconds. This range of specific impulse is the range
where overlapping data in hydrogen and ammonia are available.

The second assumption involves the frozen flow efficiency. Here it is as-
sumed that the percentage of dissociation and ionization for hydrogen and
ammonia are the same at a given specific impulse; e.g., if hydrogen is 10
percent ionized at 2,000 seconds, then ammonia is also 10 percent ionized
at this specific impulse. Then, approximately, the ratio ¢, Hz/ff » NH3 at

a given I is the same as the ratio which would hold for full ionization even
though it is not at all necessary that ¢ H, OF € NH, represent full ionization.

With these assumptions, the overall efficiency ratio for ammonia and hydro-
gen can be written

€ € €
0, NH3 arc, NH3 f, NH3

o, Hy €arc, H, f, H,

Table I evaluates this ratio and compares it with that experimentally
obtained. Data on ¢ are taken from figure 23, which assumes full dissocia-
tion and lst ionization of all atoms.

Agreement between the overall efficiency ratios calculated in this fashion
and those measured is fairly good, except at the lowest specific impulse
value, 2,000 seconds. At the lower values of ISp the calculation of ¢ is
expected to be particularly crude, so that this result is not surprising.
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TABLE 1

OVERALL EFFICIENCY RATIO FOR AMMONIA AND HYDROGEN

f, NH; ‘o, NHj ‘o, NHj
ISP farc, NH3 €arc, H, (calculated) — (measured)
“f, Hy ‘o, Hy ‘o, H,
(seconds) | fpercent) | {percent)
2000 42 65 3.04 1.9 1.4
3000 42 65 2. 42 1.5 1.4
4000 42 65 1.97 1.3 1.3
5000 42 65 1.72 1.1 1.2
IR S S R

The results of table I indicate that, at least to first order, the overall ef-
ficiency data for hydrogen and ammonia can be compared on the basis that
the expansion efficiency is essentially the same for the two propellants, and
that the differences in overall efficiency can be attributed to the arc and
frozen flow efficiencies.

C. CONCLUSIONS AND FUTURE EFFORT
1. Conclusions

a. The X-2C MPD arcjet engine has been operated over a broad range
of arc current, applied magnetic field strength, and propellant mass
flow rate, in hydrogen and in ammonia.

b. For each propellant the overall efficiency appears to be a nearly
unique function of specific impulse level. For ammonia, the overall
efficiency is approximately 20 percent at 2000 seconds, 30 percent at
3000 seconds, and 35 percent at 3500 seconds. For hydrogen, the over-
all efficiency is approximately 15 percent at 2000 seconds, 20 percent
at 3000 seconds, 30 percent at 4000 seconds, and 40 percent at 5000
seconds.

c. The efficiencies appear to be independent of input power level in
the range explored. (20 to 160 kw)

d. X-2C performance has been accounted for in terms of thrust mech-
anisms; aerodynamic, self-magnetic, and Hall current acceleration.
The Hall current thrust appears to be proportional to the product IB of
the arc current and applied magnetic field strength, while the self-
magnetic thrust is proportional to 12,

e. The power lost to the electrodes appears to be primarily a function of
arc current, and is consistent with an electrode fall voltage (for heating)
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of about 25 volts in hydrogen, ammonia, nitrogen, helium, and argon.
This is not characteristic of convective heating. The possibility thus
arises that the propellant is in some degree magnetically contained,
and that operation in a hard vacuum may not be appreciably different
than in the laboratory.

f. The thermal or arc efficiency is typically about 40 percent for am-
monia and 65 percent for hydrogen. The thermal efficiency tends to
increase with current and magnetic field strength, but large variations
have not been observed over the currents and magnetic field strengths
employed.

g. The arc voltage tends to increase with applied magnetic field
strength, approximately in the way predicted by Patrick and
Schneidermann, 15

h. The relative overall efficiencies in hydrogen and ammonia can be
accounted for on the basis that the expansion efficiencies for the two
propellants are equal, and that the degree of ionization is also approxi-
mately the same. The energy balance indicates that the ionization is
significantly less than complete; indeed, a degree of ionization in the
range 2 to 20 percent seems to account best for the data.

2. Future Effort

The conclusions which have been reached as a result of the work so far
performed under this program, as well as the interchange of information

at the MPD Arcjet Thrustor Conference, * indicate a number of paths of
future research to develop the MPD arc into a practical propulsion device
compatible with solar cell power supplies. In order that the thrustor be
compatible with solar cell power supplies, it appears essential that effort
be concentrated at power levels below 50 kw. The indications of the work
reported here are that this should not greatly affect the efficiency- I, curve,
at least at power levels down to 10 kw. The ammonia efficiency is greater
at each I, than the hydrogen efficiency; emphasis on further development
work with storable ammonia is called for. In addition, exploration of MPD
arcjet thrustor performance with one of the alkali metals may yield efficiency
increases owing to frozen flow considerations. Along this line, potassium
seems worthy of consideration since it combines high frozen flow efficiency
in the interesting I, range (over 90 percent at Iy, > 1500 seconds, even for
full first ionization) with ease of handling compared to other alkali metals
(e.g., lithium),

® Held at NASA LeRC, 17 December 1964.
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The use of a heavy propellant such as ammonia or potassium at low power
levels may cause a problem which has not been experienced so far in hydro-
gen or at higher powers. That is, the acceleration of the bulk of the pro-
pellant appears to be through collisions and is therefore dependent to some
degree on particle number density. As the propellant molecular weight is
raised (to enhance frozen flow efficiency) and the propellant mass flow rate
is decreased (to allow low power operation), this number density decreases
unless the device scale is reduced. The question then arises as to whether
a device can be built on a sufficiently small scale to keep the particle number
density high, while handling input power levels on the order of a few to a
few tens of kilowatts. This question can best be answered in the laboratory.

Two other aspects of research appear necessary for practical realization
of the MPD arcjet thrustor. These are 1) operation with radiation cooling
and 2) study of the state of the art in magnet construction. It appears that
the self-magnetic thrust mechanisms are not readily adapted to low-power
thrustor operation (high currents are required, and even the electrode fall
voltages themselves multiplied by these currents give appreciable power
levels; this restriction at low power has also been pointed out by Stratton
and by Ashly and Gooding*), so that a low-power MPD arc will require a
substantial external magnetic field. While in principle a permanent magnet
may be used, it is not clear in practice what weight penalties are associated
with permanent magnets and electromagnets.

The use of radiation cooling would of course be a great simplification over
liquid cooling. It will be possible to make use of technology developed under
previous 30-kw radiation cooling programs.

Finally, while a considerable amount of testing has been completed here by
varying the magnetic field strength, there has been no attempt to change the
ratio B, to By. Patrick* indicates that this ratio is critical, and reports
promising propulsion data obtained with a particular field configuration. On
the other hand, the similarity between the data obtained here and those of
Cann and of Hess tend to deemphasize the importance of field shape. Some
experimentation with variation of the field configuration should clarify

this point.

[

*Held at NASA LeRC, 17 December 1964,
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III, 30-KW ARCJET LIFETESTS AND PULSED PERFORMANCE

The 30-kw thermal arcjet engine anode consists of a tungsten alloy nozzle section
joined to a molybdenum plenum section, Best results in joining these two sec-
tions have been achieved with diffusion bonding and brazing.

For a lifetest of the 30-kw engine, a nozzle section has been fabricated of 75
percent tungsten and 25 percent rhenium. This material proved to have useful
high temperature properties on an earlier 3-kw Resistojet program.

After a preliminary bonding investigation utilizing small samples of the 75 per-
cent W - 25 percent Re, and molybdenum, it was decided to use a basic diffusion
bond along with an exterior chrome-vanadium braze.

The first attempt to bond a full scale nozzle-plenum structure failed when bond-
ing material plugged several of the propellant inlet orifices. The molybdenum
plenum was then machined away from the nozzle, a new plenum section was fab-
ricated, and a successful bond has been obtained.

The engine is now nearly ready for the lifetest, which has been scheduled for
the next quarter.
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1IVv. PROGRAM DIRECTION

1. The 30-kw radiation cooled thermal arcjet engine has been rebrazed.
The lifetest is rescheduled for the third quarter.

2, Experimental attention in the MPD area will be directed toward opera-
tion of a low-power (<50-kw) radiation cooled design with particular em-
phasis on operation with ammonia.

3. Fabrication of an alkali metal feed system will be continued, with pro-
vision for handling alkali metal vapors in the test tank.

4. Studies will be made of the magnet state of the art, with particular em-
phasis on weight penalties attaching to permanent and electromagnets.

5. Some variation of the Bz/Br ratio will be attempted, and effects on
propulsion performance investigated.

6. With the currently available improved vacuum facility, many of the

data points obtained with 100-micron blankoff pressure will be rerun, and
the effect of blankoff pressure checked.
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APPENDIX

MPD ARCJET ENGINE PERFORMANCE DATA
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MPD ARCJET ENGINE PERFORMANCE DATA

Tables II, III, and IV list performance values which have been obtained with the
X-2C MPD engine in hydrogen at mass flows of 0,05, 0.03, and 0.02 gm/sec,
respectively. Tables V and VI list the performance values obtained in ammonia
at mass flows of 0. 058 and 0,029 gm/sec, respectively.
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